Metabolic changes at around the time of birth are crucial for life. Here we review the energy utilization in the myocardium, emphasizing ketone body metabolism. Before birth, glucose and lactate are the major energy substrates for the myocardium. Long-chain fatty acids (LCFA) are normally not available as an energy substrate for the fetal heart; however, when LCFA are supplied artificially in near-term fetal lambs, they are readily oxidized. Hence the myocardium has no limitation to its ability to use LCFA before birth. After birth, lactate remains an important energy source for the myocardium, whereas the contribution of glucose to myocardial energy production decreases despite an increase in the supply of glucose. T h e oxidation of ketone bodies increases after birth in relation to an increase in supply. However, ketone bodies account for only 7 9." of left ventricular oxygen consumption. T h e Key words: fetal, heart, /I-hydroxybutyrate, newborn, palmitate. Abbreviation used: LCFA, long-chain fatty acids. 'To whom comspondence should be addressed (e-mail b. bartelds@ bkk.azg.nl).
Introduction
Birth is characterized by several important changes in physiology. One of the most prominent is the removal of the placenta as a site for the supply of oxygen and energy substrates. After birth, the newborn is fed with milk, which contains largely fatty acids, whereas the substrates provided by the placenta are mostly carbohydrates and proteins [l] . Hence the substrate supply to the myocardium switches from being largely carbohydrates before birth to being fatty acids thereafter. Apart from the switch in substrate supply, myocardial energy demand increases at birth. This is for two reasons. First, the right and left ventricle are now switched in series, as opposed to their
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Biochemical Society Transactions (200 I ) Volume 29, part 2 parallel arrangement before birth. As a consequence, left ventricular output is increased because it now serves the entire systemic circulation as opposed to the upper-body circulation before birth. Secondly, thermogenesis increases the total energy demand of the body. T h e increase in left ventricular output is achieved by an increase in heart rate and left ventricular stroke volume, which increases the left ventricular demand for energy and oxygen. Indeed, left ventricular oxygen consumption of chronically instrumented lambs almost doubles after birth: from 445 85 to 995 f 116 pmol/min per 100 g wet weight [2] .
Models for the study of myocardial metabolism
So far, most studies of perinatal changes in myocardial metabolism have been performed in models in vitro. Although models in vitro are often more conclusive because variation is limited, they have several drawbacks. One of the drawbacks of studies in homogenated tissue is that myocytes in these preparations are not contracting. Their energy demand is therefore decreased, which affects cellular metabolism. In the studies in isolated hearts, different sets of substrates in a wide range of concentrations were supplied and different flow settings were used. These differences in experimental setup have led to a wide variation in myocardial substrate supply (the product of arterial concentration and coronary blood flow), which might have influenced myocardial substrate uptake. Moreover, isolated heart preparations lack hormonal influences, which might profoundly affect myocardial substrate uptake or use [3] . Although insulin is often added to the perfusate at a fixed concentration, this does not reflect the situation in vivo, for two reasons. First, the insulin concentration is reported to change considerably within the first 2 weeks after birth [l] . Secondly, other hormones such as cortisol and glucagon are not included.
For paediatric cardiology, the chronically instrumented lamb has proved to be an invaluable model for the study of the haemodynamic and myocardial metabolic changes around birth. T h e lamb has been used as a model animal since the 1960s [4-71. T h e main advantages of studies of perinatal lambs reside in the possibilities of instrumenting fetal lambs in utero and of measuring left ventricular substrate supply, uptake, release and oxidation quantitatively in vivo. These measurements are made a few days after surgery, under normal physiological conditions. This is also possible in the early neonatal lamb [8, 9] . T h e size, weight and haemodynamics of both the fetal and neonatal lamb are comparable to those of human babies [lo] . Although sheep are ruminants and differ from humans in aspects such as total body fat composition and rate of maturation, the newborn lamb can be regarded as essentially monogastric and dependent on mother's milk for food supply [l 11.
We have used this model to study the perinatal changes in myocardial metabolism with [2, 12, 13] infused by the primed-dose constant-infusion technique [14] . T h e uptake of a substrate is measured as the arterio-venous concentration difference between the 13C-labelled substrates times the blood flow. T h e term flux ( Figure 1 ) is introduced for the difference between uptake and release, i.e. the arterio-venous concentration difference between the unlabelled substrates times the blood flow [15] . T h e oxidation is calculated from the arterio-venous concentration difference of l3C-label1ed CO, and the arterial enrichment of the 13C-labelled substrate [16] . Myocardial blood flow was determined with radioactively labelled microspheres. T h e fetal lambs 
Schematic representation of parameters of myocardial metabolism
The coronary sinus is the venous effluent of the left ventricle. The uptake of a substrate is measured as the arterio-venous concentration difference between the '3C-labelled substrates times the blood flow. The term flux is introduced for the difference between uptake and release, i.e. the arterio-venous concentration difference between the unlabelled substrates times the blood flow. The oxidation is calculated from the arterio-venous concentration difference of I3C-labelled CO, and the arterial enrichment of the '3C-labelled substrate. 
Perinatal changes in myocardial metabolism
As expected [17, 18] , the myocardium switches from the use of glucose and lactate before birth to the use of long-chain fatty acids (LCFA) after birth [2, 13] 
Myocardial metabolism of ketone bodies
Although the above results point indirectly to a limited role of ketone bodies already, there is also direct evidence that, even in the ruminant mammal, ketone bodies do not serve as an important energy source for the heart. This is apparent from measurements with [U-"C]P-hydroxybutyrate in lambs.
After birth there is an increase in the arterial concentration of P-hydroxybutyrate (0.09 f 0.02 compared with 0.28 & 0.05 pM ; P < 0.05) and the left ventricular supply of P-hydroxybutyrate (1 8 f 3 compared with 66 14 pmol/min per 100 g; P < 0.05). T h e left ventricular uptake of 8-hydroxybutyrate was significantly higher in newborn than in fetal lambs (Figure 3) . The left ventricular oxidation of P-hydroxybutyrate tended oxygen consumption [13] .
to be higher, although the difference did not reach In contrast with a previous suggestion based statistical significance ( P = 0.08). However, the on experiments in w h o [3, , the myocardium contribution of oxidation of a-hydroxybutyrate to of the near-term fetal lamb readily oxidizes LCFA left ventricular oxygen consumption was small in when supplied (Figure 2 , left panel) [2, 13] . Alboth fetal and newborn lambs (3 f 1 % and 4f 1 yo though the oxidation of LCFA is lower in fetal respectively). The same was true for the oxidation lambs with an artificially increased supply of of total ketone bodies (6 f 1 yo and 7 f 1 Yo), which is calculated from the oxidation of P-hydroxybutyrate and the sum of the concentrations of P-hydroxybutyrate and acetoacetate. In newborn lambs the left ventricular uptake of /I-hydroxybutyrate was significantly higher than the flux, which indicates the release of P-hydroxybutyrate simultaneously with uptake by the left ventricle ( Figure 3 ). In fetal lambs there was no difference between flux and uptake of 8-hydroxybutyrate.
T h e uptake of P-hydroxybutyrate by the left ventricle was strongly related to the supply of Phydroxybutyrate (y = 0.22 +0.38x, r2 = 0.907, P < 0.001). The oxidation of P-hydroxybutyrate was also related to the supply, although with a lower r2 (0.644). T h e supply of other substrates did not interfere with the oxidation of P-hydroxybutyrate. In other words, there was no relation between the oxidation of P-hydroxybutyrate and the supply of glucose or lactate. However, the fluxes of glucose and lactate were inversely related to the supply of ketone bodies (y = 51.8-0.6x, r2 = 0.275, P < 0.05, and y = 76.0-0.5x, r2 = 0.246, P < 0.05, respectively).
Role of ketone bodies in perinatal metabolism
T h e ketone bodies, P-hydroxybutyrate and acetoacetate, are derived from fatty acids and can serve as fuel molecules, as precursors for lipogenesis and as regulators of metabolism [22, 23] . They are traditionally viewed as alternative fuel molecules for non-lipogenic tissues. T h e concentration of ketone bodies in the blood is generally low but increases when the carbohydrate supply falls short, as in fasting. T h e metabolism of ketone bodies by the heart has previously been studied in isolated myocytes [24] and in isolated hearts . From these studies different conclusions were reached on the role of ketone bodies in myocardial metabolism. Some authors concluded that ketone bodies were the preferred substrate for the heart [24] , others concluded that the heart cannot function on ketone bodies alone [25] ; in addition, it has been concluded that ketone bodies inhibit cardiac fatty acid metabolism [28] . We speculated that ketone bodies would be the alternative energy substrate in the transitional period. However, although the oxidation of P-hydroxybutyrate oxidation was higher in the newborn than in the fetal lambs, it contributed only little to left ventricular oxygen consumption in fetal and newborn lambs. Thus it seems that under physiological conditions the role of ketone bodies in left ventricular metabolism after birth is limited. Ketone bodies could become an important energy substrate when ketosis develops, as in fasting. In the present study we had only one observation with a high supply of P-hydroxybutyrate, but in a study in newborn lambs that had been fasted overnight (B. Bartelds, F. R. van der Leij and J. R. G. Kuipers, unpublished work) we obtained higher arterial concentrations and supply of P-hydroxybutyrate. With the use of the relation between the oxidation and the flux of P-hydroxybutyrate obtained in the present study, we calculated the maximal oxidation of P-hydroxybutyrate in the fasted lambs, 23 pmollmin per 100 g, which would account for 6 % of left ventricular oxygen consumption in the fasted lamb. It is therefore unlikely that, during fasting under physiological conditions, ketone bodies become a major energy source for the myocardium. Under pathological conditions, as in diabetes, ketone bodies might add to left ventricular metabolism, although even then they are presumably not the most important substrate. This speculation is substantiated by the finding that children with a disorder in ketogenesis, for example hydroxy-3-methylglutaryl-CoA-lyase deficiency, do not present with heart failure when they become hypoglycaemic [29] . Most probably, fatty acids provide most of the energy needed in these circumstances. However, children that do not produce ketone bodies during fasting, as in long-chain fatty acid oxidation disorders, often present with acute cardiorespiratory failure [29, 30] . This acute failure could possibly be due to an energy deficit because neither glucose, nor fatty acids or ketone bodies are present.
There might be an interaction between ketone bodies and the supply of other substrates. T h e fluxes of glucose and lactate were inversely related to the supply of ketone bodies. Because lactate flux is related to lactate uptake [2] , these results indicate competition between ketone bodies and lactate at the level of cellular uptake. The transport of ketone bodies across the cellular membrane is, just like that of lactate, facilitated by two distinct monocarboxylate transporters [3 11 . T h e interference of the supply of ketone bodies with the flux of lactate is probably due to the fact that they share these membrane transporters. T h e inverse relation between the supply of ketone bodies and the flux of glucose is probably not a causal relation. An increase in the supply of ketone bodies represents an increase in the arterial concentration of ketone bodies. T h e arterial concentration of ketone bodies increases when hepatic fatty acid oxidation is high, which occurs under the influence of an increase in glucagon concentration and a decrease in insulin concentration. A decrease in insulin concentration leads to a decrease in glucose uptake. Glucose flux might therefore be limited not because of, but parallel with, the increase in supply of ketone bodies.
Release of ketone bodies by the myocardium has previously been found in isolated hearts from adult rats [27] and was supposed to be due to label exchange with an intracellular pool via reversible reactions catalysed by mitochondria1 3-oxoacidCoA transferase and acetoacetyl-CoA thiolase [27] . This process might have added to the release of j?-hydroxybutyrate. However, this process does not seem to have contributed substantially to / Ihydroxybutyrate release in our lambs because 7 5 % of the j?-hydroxybutyrate taken up was immediately oxidized in the fetal lambs. In the newborn lambs, 53 yo of the j?-hydroxybutyrate taken up was immediately oxidized.
Conclusion
Our studies in chronically instrumented fetal and newborn lambs show that the myocardium switches from the use of glucose and lactate before birth to LCFA and lactate after birth. LCFA are normally not available as an energy substrate for the fetal heart, but when LCFA are artificially supplied in near-term fetal lambs they are readily oxidized. Hence the myocardium has no limitation to its ability to use LCFA before birth. Although the oxidation of ketone bodies increases after birth in relation to an increase in supply, ketone bodies account for only 7 % of left ventricular oxygen consumption. Hence the role of ketone bodies in myocardial metabolism in the ruminant mammal is limited and apparently does not change during fasting. Ketone bodies share a membrane transporter with lactate, which can influence their uptake.
